Abstract. Gongan Changjiang combined highway and railway bridge is a steel truss beam cable-stayed bridge, which main span is 518m, In this paper, the behavior of the bridge under wind is systematically studied by analysis or by wind-tunnel model test. The wind characters at bridge location are analyzed. The vibration characters of the bridge are calculated. The static aerodynamic coefficients of the main girder were measured, the flutter stability and the vortex-induced vibration performance were studied by the sectional model wind tunnel test. The aero-elastic model wind tunnel test for the completion state and the construction stage of the bridge are carried out. It is shown. the Aerodynamic stability of the main girder is satisfied. The amplitude of vortex-induced vibration and the buffeting responses are all meet the need of the national code.
Introduction
Gongan Changjiang combined highway and railway bridge is a steel truss girder cable-stayed bridge. Its arrangement of spans is (98+182+518+182+98)m. The H-typed bridge towers are made of reinforced concretes. The steel truss girder is an N-shaped girder. The height of the truss is 13.0m, the inter node length is 14.0m. The section of steel truss girder is inverted trapezoidal. The bridge floor is arranged in two layers. The upper bridge floor is 4-lane road, with a width of 26.0m, which is composed of the roof plate of upper chord and the steel bridge deck on the road. The lower bridge floor is a double-track railway, and spacing between the two tracks is 4.2m. The deck is composed of orthotropic steel plate and truss. The anchorage of stay cables are arranged at the both sides of the upper bridge floor, the distances between two anchorage is 26.7m.
4 longitudinal dampers are arranged at the junction of bridge tower and truss girder. The damping value for each damper is Cd=3000KN/(s/m)α, and the damping exponent α is 0.4.
The terrain roughness of the bridge site is B class. For completed bridge state, the design standard wind speed at level of the bridge girder is 34.4m/s, accordingly, the flutter checking wind speed is 52.8m/s. For construction stage and return period is 10 year [1] [2], the design standard wind speed at level of the bridge girder is 28.9m/s, accordingly, the flutter checking wind speed is 44.4m/s.
The dynamic properties of Gongan Changjiang combined highway and railway bridge are calculated with ANSYS. For completed bridge state, the first vertical bending frequency is 0.333Hz, and the first torsional frequency is 0.710Hz. For the largest double-cantilever state, the first vertical bending frequency is 0.232Hz, and the first torsional frequency is 0.918Hz.
The girder's section of Gongan Changjiang combined highway and railway bridge is special. It has large span, high design wind speed, and low structural fundamental frequency. In order to ensure wind resistance safety of the bridge at the completion state and the construction stage, in this paper, the wind tunnel test and analytical was performance.
Static Aerodynamic Parameters Measurements for the Truss Girder by Wind Tunnel Test
The static aerodynamic coefficients of the girder are the key parameters for calculating the wind-induced response of the bridge. The girder's and the train's aerostatic coefficients are also used in studied the vehicle bridge coupling vibration when considering the wind load.
The static aerodynamic coefficients can be obtained through the sectional model wind tunnel test . The sectional model test was performed in the second work section of the XNJD-1 wind tunnel of the Southwest Jiaotong University. The scale ratio of the model is 1:60, and the length of 2.1m. These coefficients were measured by a force balance in a smooth flow, and the yaw angle that varied from -12 o to +12 o in steps of 1 o . The incoming wind velocities in test are 10 m/s, 20 m/s and 30 m/s. Figure  1 shows the average static aerodynamic coefficients of the bridge in the completion state or in the construction stage.
The wind tunnel test was also carried out when the train was on the bridge and when the wind attack angle is 0°. The static aerodynamic coefficients of the train or of the bridge were measured. Tab.1 show these coefficients. Two types of train were considered, which is 25 T passenger train and C80 freight train. It is showed that when the wind attack angle is 0°, the drag coefficient of the girder at completion state is 0.838, and is 0.726 in the stage of construction. Either in the completion state or the construction stage, the slopes of lift coefficient curve and moment coefficient curve are all positive values in the range of wind attack angles ( 12 5      ). That is to say. the conditions of aerodynamic stabilization are meet for the section of the girder.
From Table 1 , for the truss girder, existence of the train likely plays the roles of increasing the lift coefficient and moment coefficient or reducing the resistance coefficient. Because the truss girder's section has special form, when the train runs on the downwind line, the drag coefficient is larger than that when the train runs on the upwind line.
The Sectional Model Wind Tunnel Test for the Dynamic Performance of the Girder
The dynamic performance of the girder includes flutter stability and vortex-induced vibration performance, and which can be studied through the sectional model wind tunnel test or the aero-elastic model wind-tunnel test for the whole bridge [3, 4, 5] .
Sectional model wind tunnel test is economic and rapid. The sectional model was supported by 8 springs. Measuring the frequencies of the system. On the basis of the similarity law, the scale ratio of model and the frequency ratio of model and real bridge, determining the wind speed ratio of wind tunnel test. 3 attack angles for either completion state or construction stage were considered.
The dynamic sectional model test shall be conducted under the condition of uniform flow, and the attack angles are α=0°, +3°, and -3°. The Table 2 provides the wind tunnel test results of flutter critical wind speed, from this table, we can see that the main bridge flutter critical wind speed of Gongan Changjiang combined highway and railway bridge is greater than the flutter checking wind speed in corresponding state.
The girder's vortex-induced vibration performance can also be studied through the wind tunnel test of dynamic sectional model. Tests were also performed under three attack angles of α=0°, -3°, and +3°. The incoming wind are uniform flows too.
It is showed. Under small damping(0.25%) and at the completion bridge state, for wind attack angle was -3°, no vertical vortex induced vibration occurred. For wind attack angle was 0°,the vertical vortex induced vibration which maximum amplitude was 22mm occurred when wind speed was about 15m/s~17m/s. For wind attack angle was +3° and the wind speed was 13m/s~17m/s, and the maximum amplitude of vertical vortex induced vibration is 77mm. For 3 wind attack angles which were α=-3°, α=0° and α=+3°, there are no torsional vortex induced vibration. .8 -At the construction phase of the largest double-cantilever, when the wind attack angles were -3° or 0°, no vertical vortex vibration occurred. when the wind attack angles was +3° and the wind speed was about 10m/s~13m/s, the maximum amplitude of vertical vortex induced was 52mm. when the wind attack angle was -3°. no torsional vortex vibration occurred. when the wind attack angle was 0°, the maximum amplitude of torsional vortex vibration was 0.065° under the wind speed of 25m/s~30m/s. When the wind attack angle was +3°, the torsional vortex vibration occurred under the wind speed of 25m/s~32m/s, and the maximum amplitude was 0.14°.
The limit value of vortex-induced vibration amplitude shall be based on clause 7.2.6 in specification [1] . At the completion bridge state, the allowable values for vertical vortex vibration amplitude and torsional vortex vibration amplitude respectively are 0.12m and 0.247 o, and at construction phase of the longest double-cantilever, the allowable values for vertical vortex vibration amplitude and torsional vortex vibration amplitude respectively are 0.172m and 0.191o. The conclusion can be get. Whether at the completion state or at the construction stage, under 3 wind attack angles of α=-3°, α=0° and α=+3°, both of vertical vortex vibration amplitude and torsional vortex vibration amplitude are all less than the allowable values specified in the specification, meeting requirements of relevant specification.
The Aero-elastic Model Wind Tunnel Test
Wind tunnel test of the aero-elastic model were carried out for the completion bridge state, the longest double-cantilever stage and longest single-cantilever phase. In general, the basic frequency of the cable-stayed bridge in the state of the largest cantilever is often lower than that in the the completion state. So, the wind-induced buffeting response at the constructon stage may be more disadvantaged for the wind resistance design. The aero-elastic model wind tunnel tests in various states were conducted in XNJD-3, which is the largest bounding layer wind tunnel in the world. It locatied in Southwest Jiaotong University.
The test flow field is uniform flow field or turbulent flow field [6, 7] . The uniform flow field test is mainly used for researching vortex vibration response or flutter performance. While the turbulent flow field wind tunnel test is mainly used for investigating its buffeting response performance. For the turbulent flow field wind tunnel test, in addition to that the aero-elastic model must meet the similar low, the wind characteristics of turbulent flow field must also meet simulation low. That is to say, the wind characteristics in the wind tunnel are same as the characteristics of real atmospheric boundary layer flow field at the bridge site. The wind characteristics are mean wind speed profile, the profile of turbulent flow strength and turbulent flow wind spectrum etc.
The similar low of model are the outline dimension similarity, structural dynamic characteristics similarity, and similar damping performance. In design of the aero elastic model, the consistency conditions of elastic parameters and inertial parameters must be strictly met, to ensure that structural dynamic characteristics of the model are similar to the prototype, as well as displacement, internal force and other mechanics parameters are similar with the prototype, the geometric model scale of the model is 1:80, and the wind speed ratio is 1/ 8.94 U C  , according to the similar conditions , we can get the frequency ratio 8.94 /1 f C  , and whole length of the model is 13.5m. The lateral displacement, vertical displacements and torsion angles at typical sections were measured with laser displacement meter for each coming wind speed. The incoming wind speed was from 1m/s to 7m/s, and the step was 0.2m/s. The wind direction angle was β=0o, β=15o and β=30o respectively. Such angles could be formed by rotating the rotary plate under model.
Conclusion can be draw after uniform flow field wind tunnel test. It is shown that either in the completion state or at the typical construction stage, the wind speed was larger than corresponding flutter checking wind speed, there was no flutter instability occurred. At the same time, there was no obvious vortex-induced vibration occurred under the designed wind speed.
The buffeting displacement responses were obtained by turbulent flow field wind tunnel test for the aero elastic model. The values of buffeting displacement responses under design wind speed for 3 stages and 3 incoming flow direction angles(0°,15° and 30°) were listed in Table 3. In Table 3 , H,V,T are buffeting displacement in the direction of horizontal, vertical and torsion about axial of bridge respectively.
It is shown from Table 3 . In the completion state of the bridge, under the design wind speed, the lateral and vertical buffeting responses are the maximum when the incoming wind direction is 30°. the torsion responses is the maximum when the incoming wind direction is 0°.
At construction phase of the longest single cantilever, under the design wind speed, the lateral bridge direction and torsion buffeting responses are the maximum when the incoming flow wind direction is 30°. and when the incoming wind direction is 0°, the vertical buffeting responses is the maximum. At construction phase of the longest double-cantilever, under the design wind speed, when the incoming wind direction is 0°, the lateral, vertical and torsion buffeting responses are the maximum. 
Summary
The wind tunnel tests and analysis for wind induced performance of Gongan Changjiang combined highway and railway bridge were carried out. Either in the completion state or at the construction stage, flutter critical wind speeds of the girders were greater than the corresponding flutter checking wind speeds, which showed that flutter stability of the bridge sufficiently meet the safety requirements. In the completion state and at the construction stage of the bridge, vortex-induced vibrations were founded under small damping, but amplitudes were small, and may not give rise to bridge damage or uncomfortable driving. The aerodynamic performances of the bridge were good and meet the requirements of the relevant specification.
